Amazonia presents very pristine aerosol concentrations, typical of continental pre-industrial atmosphere (Martin et al., 2010a, b; Pöschl et al., 2010) . Tropical emissions from biomass burning from deforestation and agricultural practices play a major role in modifying atmospheric composition, especially in the Southern Hemisphere (Bowman et al., 2009) . Smoke from fires after deforestation has a large impact in convection and cloud formation, and affects the precipitation regime (Andreae et al., 2004; Koren et al., 2008) . Aerosols from biomass burning have also been associated with precipitation pattern changes such as the delay in the beginning of the Amazon Basin's dry season (Bevan et al., 2009; Butt et al., 2011; Zhang et al., 2009 ). The accumulated deforested area over the Amazon Basin until 2011 was approximately 741 000 km 2 (INPE-PRODES, 2012) -larger than the whole area of France. The large area that was deforested changes the radiative budget due to surface albedo changes. However, the rate of deforestation has significantly decreased since 2004 as reported by INPE-PRODES (2012) . In that year, 2004, 27 000 km 2 were deforested, while only 6200 km 2 were deforested in 2011 (Fig. 1) .
Biomass burning aerosols can affect the radiative budget directly by scattering and absorbing solar radiation (Atwater, 1970; Charlson and Pilat, 1969; Coakley Jr. et al., 1983; McCormick and Ludwig, 1967; Mitchell Jr., 1971 ) and indirectly by acting as cloud condensation nuclei and changing cloud properties, such as cloud albedo, lifetime and precipitation rate (Albrecht, 1989; Haywood, 2000; Forster et al., 2007; Rosenfeld and Lensky, 1998; Twomey, 1977) . Land use change from forest to crops or pasture also changes the evapotranspiration rate, with consequences for the column water vapour content (Betts and Silva Dias, 2010) . Long-term aerosol monitoring in Amazonia through AERONET sunphotometers shows very high aerosol optical depth (AOD) at point locations distributed widely over the region. Figure 2 shows the AOD time series for 3 sites located in the Amazon Basin. This graph illustrates the high seasonality in the aerosol loading as well as large spatial heterogeneity. Comparing the temporal pattern of deforestation and the AOD measurements (Figs. 1 and 2), it is easy to observe that, although deforestation rates have continuously decreased from 2004 on, AOD variability does not follow the same pattern. This indicates that there was a shift in biomass burning activities, initially from deforestation fires and later associated with pasture and agricultural fires (Ten Hoeve et al., 2012) . The high atmospheric loading of biomass burning particles also has important effects on the ratio of diffuse to direct radiation (Yamasoe et al., 2006) , leading to a significant increase in net ecosystem exchange (NEE), which can be enhanced by 30-40 % at several observation sites in Amazonia (Oliveira et al., 2007) . This increase happens when AOD at 550 nm increases from the background value of 0.1 to about 1.0. For further increase in AOD, the attenuation of the total solar flux starts to dominate and NEE goes to zero.
The assessment of the impacts of biomass burning aerosols in the radiation budget has previously been performed in several studies using remote sensing (e.g., Patadia et al., 2008; Christopher et al., 2000) . Some of these studies analysed Clouds and the Earth's Radiant Energy System (CERES) and Moderate Resolution Imaging SpectroRadiometer (MODIS) or Multi-Angle SpectroRadiometer (MISR) AOD retrievals in order to study the effects of aerosols on the radiative budget.
The main goal of this work was to assess the temporal and spatial distributions of the shortwave direct radiative forcing at the top of the atmosphere (TOA) over the Amazon Basin due to biomass burning aerosol loading, and the effects of land use change and water vapour. A large region that includes forest, cerrado (savannah-like vegetation), pasture and cropland areas was analysed during the biomass burning season. This work was based on ten years (2000 to 2009) of CERES TOA radiative flux and MODIS aerosol optical depth cloud-free retrievals. The biomass burning aerosol forcing over areas with different surface reflectivity properties was analysed. This work also aimed to assess the radiative forcing due to changes in surface albedo caused by land use change. This is an important and frequently overlooked issue in tropical forest regions. The shortwave radiative impact of the reduction in water vapour column over deforested areas in the radiative budget was also investigated. Due to the large land use change in the tropics and high atmospheric aerosol loading from biomass burning, it is clear that biomass burning emissions, changes in surface albedo and changes in water vapour column have profound influences on the radiative balance in Amazonia. These effects could have strong implications in convection, cloud development and the ratio of direct to diffuse radiation, which impacts carbon uptake and the photosynthetic rate of the forest.
Remote sensing methodology
CERES shortwave fluxes and MODIS aerosol optical depth retrievals over the Amazon Basin obtained during the months of August and September (peak of the biomass burning season) from 2000 up to 2009 were analysed. The CERES sensor aboard the Terra satellite provides radiance measurements in the shortwave (0.3-5.0 µm), infrared window (8.0-12.0 µm) and total (0.3-200 µm) broadband channels (Wielicki et al., 1996) . As part of the CERES production line, radiances are converted to fluxes using angular dependence models (Loeb et al., 2005 (Loeb et al., , 2007 . The main dataset used was the CERES Single Scanner Footprint (SSF) product. In addition to the shortwave and longwave fluxes, this product also contains MODIS (MOD04) aerosol and cloud properties and meteorological information computed by the Global Modelling and Assimilation Office (GMAO)'s Goddard Earth Observing System (GEOS) Data Assimilation System (DAS). MODIS aerosol data, originally available at 10 km spatial resolution, is translated onto CERES 20 km resolution by using point spread functions (Smith et al., 1994) . The most recently available CERES Terra SSF Editions 2B/2F/2G-Rev1 were used in the analysis. Editions 2F and 2G contain MOD04 collection 5 data, while edition 2B contains MOD04 collection 4 data.
Simultaneous remote sensing retrievals have been used before for the evaluation of the aerosol radiative forcing over oceans and deserts (Zhang and Christopher, 2003; Zhang et al., 2005) . Patadia et al. (2008) used coincident CERES flux retrievals and MISR AOD retrievals to evaluate the direct radiative forcing of aerosols over the Amazon Basin. We opted to use MODIS's AOD contained in CERES-SSF product due to MODIS's larger swath width and consequently higher spatial coverage. MODIS's AOD uncertainty over land is reported as ±0.05 ± 0.15 AOD 550 nm . Several studies show good agreement between AERONET and MODIS AOD globally, for both collection 4 (AOD MODIS = 0.1 + 0.9 AOD AERONET ) and collection 5 (AOD MODIS = 0.03 + 1.01 AOD AERONET ) data (Chu et al., 2002; Levy et al., 2005 Levy et al., , 2007 Remer et al., 2005) .
In this work, CERES-SSF product was used to evaluate the instantaneous direct shortwave aerosol radiative forcing (SWARF) and land use radiative forcing (LURF) due to surface albedo changes over Amazonia for a ten-year period (from 2000 to 2009), during the peak of the biomass burning season. The instantaneous forcing values were expanded to 24-h averaged values using the discrete-ordinate radiative transfer (DISORT) code (Stamnes et al., 1988) . The surface and aerosol models used in the radiative transfer code were built from surface properties information provided by MODIS BRDF/Albedo Model product (Schaaf et al., 2002) and aerosol properties obtained by AERONET inversion algorithm (Dubovik and King, 2000) , respectively. The methodology used in this work is summarized in Fig. 3 and will be detailed in the following sections.
Cloud-free pixel selection
One of the goals of this study is the assessment of the direct aerosol effect; therefore, only cloud-free satellite retrievals were used in the calculations. For that reason we used data from CERES and MODIS sensors with morning overpasses (approximately at 10:30 a.m., LT), when the region is usually less cloudy than in the afternoon. Furthermore, a pixel selection strategy was put in place based on MODIS cloud fraction and surface reflectance retrievals, and geometrical constraints on illumination and viewing angles. Pixels with 1-km resolution MODIS cloud fraction above 0.5 % were removed. Pixels with clear area in the MODIS 250 m resolution lower than 99.9 % were also removed. In order to limit distortions we removed from our analysis pixels which presented view and solar zenith angles greater than 60 • (similarly as in Patadia et al., 2008 ). CERES's shortwave broadband channel (0.3-5.0 µm) includes the water vapour absorption band, and thus pixels containing inland water bodies need to be removed. The assessment and removal of inland water pixels was performed using the MODIS 8-day 500 m resolution average surface reflectance product (Vermote and Vermeulen, 1999) . CERES pixels that presented surface reflectance lower than 0.15 in the MODIS 1.2 µm channel in more than 15 % of their footprint were removed.
Grid cell classification according to surface type
In cloud-free conditions, the presence of aerosols over a surface modifies the outgoing radiation flux at the top of the atmosphere. Biomass burning aerosols from Amazonia are usually bright (single scattering albedo around 0.9 at 550 nm) (Dubovik et al., 2002; Procopio et al., 2003; Schafer et al., 2008) . Therefore their impact is stronger over dark surfaces (such as forest) than over brighter surfaces (such as cerrado). The influence of the different surface types that compose the studied region (forest and cerrado/croplands/pasture) on the direct radiative forcing of biomass burning aerosols was investigated.
The area under study was limited to the area between the coordinates 3 • N-20 • S, 45-65 • W and 3 • N-11 • S, 65-74 • W. After the pixel selection step this area was divided into 0.5 • × 0.5 • (latitude/longitude) grid cells. The cell size was chosen so as to maximize the amount of valid pixels in each cell and to minimize surface heterogeneity. CERES provides an array of the 8 most prominent surface types and their percentage coverage within each pixel, according to the International Geosphere-Biosphere Programme (IGBP) land cover map (Loveland and Belward, 1997) . Since the size of the cell needed for the SWARF evaluation is large (0.5 • × 0.5 • ), and the resolution in land cover maps is much better than this, a single cell could present several different land cover types within it. Therefore it would be difficult to classify each cell as a single surface type. For that reason, each cell was classified according to the estimated broadband surface albedo from CERES. This parameter is derived by weighting the percent coverage of each surface type within the CERES field of view by the corresponding broadband surface albedo associated with that surface type. The albedo look-up tables used in this procedure are based on field observations. In this work, if the average cell broadband albedo was less than 0.140, it was classified as forest; if the average broadband albedo was greater than 0.155, the cell was classified as cerrado; otherwise (albedo values between 0.140 and 0.155) the cell was classified as a transition region. Notice that the category classified as cerrado also includes croplands and pasture areas. For simplicity, however, throughout the text we will refer to high surface albedo regions simply as cerrado. The analysis of the direct radiative forcing and forcing efficiency of biomass burning aerosols over forest and cerrado/croplands/pasture areas is presented in Sect. 3.2.
Methodology for the instantaneous aerosol direct radiative forcing calculation
The mean shortwave aerosol radiative forcing at the TOA (SWARF) during the biomass burning season was defined as the difference between the mean radiative flux at the TOA in clean conditions (F cl ) and in polluted conditions (F pol ) observed in the studied period. In order to obtain F cl , the instantaneous shortwave radiative fluxes at the TOA observed during the satellite overpass were plotted against the AOD for each 0.5 • × 0.5 • cell. For each cell, linear fits were adjusted to the data points observed for the biomass burning season of each year. It is important to emphasize that the linearity of the outgoing flux at the TOA with AOD does not hold for high AOD values. For that reason, only cases where AOD was smaller than 2 were used to perform the linear fit. The intercept of each linear fit provides the value of the shortwave radiation flux at the TOA at the limit when AOD = 0 for each grid cell. This value was assumed to be the flux at the TOA for clean conditions and used in the evaluation of the shortwave aerosol radiative forcing. Notice that by following this procedure the definition of the direct radiative forcing of aerosols used in this work considers the total effect of aerosols including the small contribution of background aerosols in Amazonia (of approximately AOD = 0.1 at 550 nm). Figure 4 illustrates two examples in which the above procedure was used to evaluate the flux for clean conditions over forest and cerrado covered areas. Surface albedo is usually more homogeneous over forest than over cerrado. Therefore, surface albedo variation within a single cell induces higher data dispersion for cerrado sites as compared to forest sites.
Variations in the satellite overpass time during the months of August and September, water vapour variability, and the surface albedo heterogeneity within a single cell may introduce other sources of uncertainty besides the instrumental error of the sensor. For that reason, the uncertainties in the intercept and the slope of the regression were recalculated by setting the reduced chi-squared equal to 1 for each 0.5 • × 0.5 • cell data set. To estimate the uncertainty of the SWARF, the covariance between the mean flux for clean conditions (F cl ) and the mean polluted flux (F pol ) observed during the studied period was considered. Cases with less than 10 points or with linear correlation lower than 0.2 were excluded from the analysis to ensure good statistics of data in each cell. The instantaneous SWARF was expanded to a 24-h average (SWARF 24 h ) according to the procedure explained in Sect. 2.5.
The aerosol direct forcing efficiency, defined as the rate of change of the SWARF per unit increase in the AOD, was used to estimate the impact of aerosols over different surface types. In order to evaluate forest and cerrado forcing efficiencies at 550 nm, it was assumed that the surface and aerosol optical properties remained the same during the months of August and September of each year. For this procedure, the pixels were grouped according to surface type, using the grid cell classification explained in Sect. 2.2. A linear fit of the radiative flux at the TOA by AOD was derived for each surface type, for each year. The aerosol forcing efficiencies were obtained from the slope of the linear regressions for each surface type. To ensure linearity in the fittings, the maximum AOD for each linear regression was limited to 2. The forcing efficiency uncertainty was estimated by setting the reduced chi-squared equal to 1.
Methodology for the assessment of the surface albedo change radiative forcing
In the Amazon Basin, deforestation is expected to generate a negative radiative forcing due to the increase in the surface albedo of the deforested area. Unlike the aerosol direct radiative forcing, which presents marked seasonality, deforestation likely triggers a permanent change in the radiative budget over the impacted area. In this work we quantified the shortwave land use change radiative forcing (LURF) over deforested areas in Rondônia, a region that has been deforested since the 1970s and presents a large continuous deforested area. Deforested and forested regions were selected and classified according to the visual inspection of MODIS red (648 nm), green (555 nm) and blue (470 nm) composite images (RGB). In order to maximize the area representing the deforested regions used in the LURF assessment, two deforested locations, D1 and D2, were selected. A forested region, F2, which has approximately the same geometrical area and is located between the same latitude ranges as the deforested areas was also selected. They also present similar characteristics concerning mean water vapour content and mean solar zenith angle during the studied period. Their locations are listed in Table 1 (LURF assessment areas) and illustrated in Fig. 5 . It is worth mentioning that the deforested areas selected for the LURF assessment are not different from the crop/pasture areas contained in the cells classified as cerrado. However, for the LURF assessment we wanted to assure that the selected areas were indeed deforested, instead of savannah-like vegetation.
The selected deforested and forested areas were divided into 0.5 • × 0.5 • cells. For each cell the instantaneous flux at the TOA for clean conditions (AOD = 0) was evaluated from the intercept of the linear fit of CERES flux at the TOA by AOD. All valid data during the biomass burning seasons from 2000 to 2009 were used to evaluate the flux for clean conditions. T-Student's factor correction was applied to the uncertainty of the flux at the TOA of deforested and forested areas, due to the small number of cells in each region (only 8 valid cells). In analogy to the instantaneous SWARF, the instantaneous LURF was also expanded to a 24-h average, as will be shown in the next section.
Evaluation of the mean daily aerosol and surface albedo change radiative forcings
The discrete-ordinate radiative transfer (DISORT) code SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer) (Richiazzi et al., 1998) was used for the assessment of both the mean daily direct radiative forcing of aerosols (SWARF 24 h ), and the mean daily surface albedo change radiative forcing due to deforestation (LURF 24 h ). The methodology used to expand the instantaneous forcing values to 24-h averaged values will be detailed in the following subsections.
Surface models
The use of a radiative transfer code to evaluate the ascending flux at the TOA requires care in the choice of the simulated surface, due to the large contribution of the surface albedo for the outgoing shortwave radiative flux. In this work MODIS BRDF/Albedo Model product was used in the assessment of the spectral dependence of the albedo for forest, cerrado and deforested areas. The solar zenith angle dependence of the directional hemispherical reflectance (black-sky albedo) and of the bihemispherical reflectance (white-sky albedo) can be param- Table 1 . Geographic locations of (i) forest (F1) and cerrado/croplands/pasture (C) regions used for the study of the effect of the surface albedo in the daily SWARF; and (ii) the deforested (D1 and D2) and forested (F2) regions selected for the LURF assessment. The surface properties of those areas were used in the SBDART radiative transfer code to obtain the 24-h SWARF and LURF cycle. eterized by polynomial functions as described by Lucht et al. (2000) . The MODIS BRDF/Albedo Model product (Schaaf et al., 2002) provides the weighting parameters for the anisotropy models used to derive the black-sky and white-sky albedos at seven spectral bands (0.470, 0.555, 0.648, 0.858, 1.24, 1.64, 2.13 µm). These are calculated from a combination of Terra and Aqua retrievals every 16-day overpass at a resolution of 1 km. Five areas were selected to build the surface models used in the radiative transfer code to represent (i) forest-covered areas (F1) and bright areas, such as cerrado (C) for the study of the impact of the surface albedo in the daily SWARF; and (ii) the deforested (D1 and D2) and forested (F2) regions used in the LURF assessment. For each area the mean white-sky and black-sky albedos as a function of the illumination geometry were obtained at 7 wavelengths, using MODIS BRDF/Albedo Model (MCD43B1) retrievals. The actual albedo (blue-sky albedo) in wavelength λ (α(θ 0 , λ)) is a linear combination of the black-sky (α bs (θ 0 , λ)) and whitesky albedo (α ws (λ)), according to the following equation (Lewis and Barnsley, 1994; Lucht et al., 2000; Schaaf et al., 2002) :
where S(θ 0 , τ (λ)) is the diffuse fraction of radiation that reaches the surface. A look-up table was used to obtain the variation of S(θ 0 , τ (λ)) with the solar zenith angle (θ 0 ) and aerosol loading (τ (λ)). The spectral dependence of the albedo was obtained by linearly interpolating the blue-sky albedo in the seven wavelengths provided by MODIS, for each 0.1 AOD step and 1 • solar zenith angle step.
Aerosol model
AERONET is a federation of ground-based remote sensing aerosol network of well-calibrated sun/sky radiometers . AERONET inversion algorithm (Dubovik and King, 2000) provides mean aerosol properties in the atmospheric column derived from the direct and diffuse radiation measured by AERONET sun/sky radiometers. In this work the aerosol model used as an input in the radiative transfer code was obtained from . These values show good agreement with other authors' previous estimates for smoke aerosol properties over Amazonia (e.g. Dubovik et al., 2002; Procopio et al., 2003; Schafer et al., 2008) . The mean Angström exponent between the wavelengths 0.44 and 0.87 µm observed during the period was considered in the simulations (1.647 ± 0.002). For wavelengths smaller than 440 nm and larger than 1022 nm, aerosol properties were extrapolated using the mean Angström exponent obtained from AERONET measurements.
SBDART simulation
The surface and aerosol models detailed in Sects. 2.5.1 and 2.5.2 were used in SBDART to evaluate the mean daily aerosol radiative forcing (SWARF 24 h ) during Amazonia's biomass burning season. The wavelength range selected for the simulations varied from 0.3 to 5.0 µm, corresponding to the CERES shortwave channel. The mean day of the period (day 243) and the mean column water vapour content for forest regions (3.3 cm) and cerrado regions (2.1 cm) were considered in the simulations, which were run in 0.1 AOD steps and 1 • solar zenith angle steps. The solar zenith angle dependence with time for day 243 was obtained for every 2 • of latitude. Those functions were interpolated by 1000 points cubic splines. This procedure leads to two look-up tables: the first one relates the 24-h average aerosol radiative forcings to latitude, aerosol optical depth and surface type (SWARF SBDART 24 h (τ ,Lat,Surf)), and the second relates the instantaneous radiative forcing to solar zenith angle, AOD and surface type (SWARF SBDART Inst (θ 0 , τ,Surf)). For each 0.5 • × 0.5 • cell, the SWARF 24 h was calculated by weighting the instantaneous SWARF obtained from CERES-SSF data by the ratio of the daily SWARF over the instantaneous SWARF obtained from SBDART simulations (Remer and Kaufman, 2006) . The surface type, mean latitude, mean aerosol optical depth and mean solar zenith angle in each cell were considered for the weighting.
The weighting factor for the SWARF 24 h for transition areas was estimated by averaging the weighting factors calculated for forest and cerrado regions. The use of Eq.
(1) to expand the instantaneous aerosol forcing to a 24-h average assumes that the aerosol loading is constant throughout the day. Several studies have used AERONET measurements to show that AOD presents significant diurnal variations in Amazonia (Kaufman et al., 2000; Smirnov et al., 2002; Zhang et al., 2012) . Nevertheless, some important factors have to be taken into account: (i) the diurnal variability of aerosols in Amazonia is always smaller than 15 % (Zhang et al., 2012) , that is, on the same order of the MODIS AOD uncertainty; (ii) during Terra overpass (around 10:30 LT) the AOD is close to the mean diurnal AOD value; (iii) the highest AOD values are observed either early in the morning or late in the afternoon, when the solar zenith angle is low, and therefore aerosols have a smaller impact on the direct radiative forcing; and (iv) the effect of lower AOD before noon will be compensated by the effect of higher AOD in the afternoon (or vice-versa). For those reasons, the impact of aerosol diurnal variability on the mean daily aerosol forcing is expected to be small.
For the evaluation of the surface albedo change radiative forcing, a procedure similar to the one above was used, considering the corresponding surface models and AOD = 0. The mean latitude of the deforested and forested areas (11.00 • S) and the mean column water vapour amount (3.0 cm) observed for the studied period were used.
Results and discussions

Temporal and spatial distribution of the direct radiative forcing
The mean direct radiative forcing of biomass burning aerosols and its spatial distribution were assessed over the Amazon Basin using the methodology explained in Sect. 2. Table 3 shows the results obtained for the mean and standard deviation of the AOD, instantaneous SWARF and SWARF 24 h for the studied region during the biomass burning season from 2000 to 2009. To estimate the uncertainty of the SWARF 24 h the uncertainty of the points in each 0.5 • × 0.5 • cell was estimated by setting the reduced chi-squared equal to 1. The covariance between the flux for clean conditions (F cl ) and the mean polluted flux observed during the studied period was also considered in this calculation.
Notice that the standard deviation values shown in Table 3 represent the spatial variability of each variable and not its uncertainty. This variability is due to differences in source locations and in aerosol transport and concentration. Individually for each year, the uncertainty in the mean value of the SWARF is much smaller, approximately 10 −1 W m −2 . The year 2004 was not considered in the analysis due to the lack of valid data, caused by the high amount of MOD04 missing values for the aerosol and cloud properties in CERES-SSF database that year. The percentage of MOD04 missing values in CERES-SSF database was around 45 % for 2004, while for all the other years (2000-2003 and 2005-2009) , missing values were on average only 10 %. The remaining 2004 pixels were located at a small area that was not representative of the entire studied area.
The results shown in Table 3 indicate that the aerosol radiative forcing at the TOA presents large spatial and temporal variations during the biomass burning season. The smaller mean SWARF values observed for the years 2008 and 2009 are due to the decrease in biomass burning emissions during those years.
The analysis of the spatial distribution of the aerosol radiative forcing allows us to assess the most and least impacted areas due to the presence of aerosol. Two examples of the spatial distribution of the AOD, SWARF 24 h and its estimated uncertainty during the months of August and September of 2005 and 2008 are given in Fig. 6 . Figure 6 shows the decrease in the absolute value of the radiative forcing at TOA in all Amazon regions from 2005 to 2008, consistent with the reduction in the average AOD value observed in the period (Table 3) . For regions where the aerosol loading was very high (AOD > 1), SWARF 24 h values as negative as −20 W m −2 may be observed. Areas located in eastern Amazonia show a smaller radiative forcing due to the smaller concentration of aerosols over the region and also to the higher surface reflectance of those areas. In addition to the aerosol loading, other parameters such as the surface albedo, water vapour amount and solar illumination also play a role in the final radiative forcing value. These influences will be explored in the next sections.
Surface type influence in the direct aerosol radiative forcing
The influence of different underlying surface types on the direct radiative forcing of biomass burning aerosols from Amazonia was studied according to Sect. 2.3. The values obtained for the 24-h aerosol forcing efficiency, and the instantaneous ascending TOA flux for clean conditions for forest and cerrado, during the biomass burning seasons of the years 2000 to 2009 are listed in Table 4 . The difference of approximately 13 W m −2 between forest and cerrado instantaneous fluxes at the TOA for clean conditions is mainly due to surface albedo differences for these regions. Regions covered by forest absorb more solar radiation and therefore the upward flux at the TOA over cerrado regions is larger than over forest regions for a given illumination and viewing geometry. The values of the mean daily TOA forcing efficiency of aerosols over forest and cerrado regions are −15.7 ± 2.4 W m −2 /τ 550 nm and −9.3 ± 1.7 W m −2 /τ 550 nm , respectively. The forcing efficiency results indicate that Amazon regions with lower surface albedo are subject to a more significant radiative forcing (that is, greater in modulus) than regions of brighter surface, given the same aerosol type. In other words, the impact of biomass burning aerosols in the radiative forcing is larger over forest than over cerrado, croplands or pasture. These results point out the necessity of treating forest and cerrado areas as different entities which will experience different impacts due to the presence of biomass burning aerosols.
The 24-h average aerosol forcing efficiency of the selected region as a whole, representing a significant fraction of the Amazon Basin, is −13.1 ± 1.6 W m −2 /τ 550 nm . This value was estimated by considering the analysed area as composed by 40 % of savannah-like vegetation and 60 % of forest vegetation.
The SWARF 24 h was also analysed separately for forest and cerrado regions (Table 5 ). Table 5 shows systematically more negative SWARF 24 h values for forest regions when compared to cerrado regions. The mean daily radiative forcing of biomass burning aerosols observed during the studied period was −6.2 ± 1.9 W m −2 over forest and −4.6 ± 1.6 W m −2 over cerrado. This is due to a combination of two effects: (i) the higher aerosol concentration over forest, due to the transport pattern, which brings biomass burning particles from the arc of deforestation regions to pristine forest-covered regions; and (ii) the higher aerosol impact over darker surfaces (higher AOD and higher forcing efficiency over forest regions).
Evaluation of the surface albedo change radiative forcing over Rondônia
The land use change radiative forcing (LURF) due to surface albedo change caused by deforestation was assessed over Rondônia following the methodology explained in Sect. 2.4. The selected deforested area (Table 1 and Fig. 5 , area D1 + D2) covers approximately 20 000 km 2 . The values obtained for the LURF over Rondônia for the dry season from 2000 to 2009 were −23.7 ± 2.9 W m −2 for the instantaneous shortwave forcing and −7.1 ± 0.9 W m −2 for the mean daily forcing. These results show that the surface albedo change radiative forcing due to deforestation is comparable to the mean direct radiative forcing of aerosols during the biomass burning season. Nevertheless it is important to consider that emission of biomass burning aerosols is seasonal, while the impact of surface albedo change is observed during the whole year. The yearly average of the surface albedo change radiative forcing over the selected deforested area is −7.3 ± 0.9 W m −2 . This last value was evaluated considering daily changes in the ascending solar irradiation at the TOA over the studied area. An assessment of the yearly average of the SWARF over cloudfree sky leads to a value that varies from −0.9 ± 0.3 W m −2 to −1.4 ± 0.4 W m −2 , considering that the biomass burning season lasts approximately 2 to 3 months. In temperate latitudes there is a large seasonal variation in the surface albedo, Table 4 . Mean TOA shortwave flux for no aerosols and 24-h mean aerosol forcing efficiency for forest and cerrado (savannah-like) regions with their respective uncertainties. Average * 0.31 ± 0.14 −6.2 ± 1.9 0.16 ± 0.08 −4.6 ± 1.6 * The year 2004 was excluded from the analysis due to the lack of valid data.
but near the tropics the seasonal variation in surface albedo is expected to be relatively low. In order to compare the impacts of the aerosol and the land use change radiative effects over cloud-free sky, in this assessment it was assumed that the surface albedo does not change significantly during the year. Therefore the two-month period calculation was used to extrapolate the annual mean of the surface albedo change radiative forcing. This analysis indicated that, on a yearly basis, the surface albedo change radiative impact can be more than 6 times higher than the aerosol impact over the Amazon Basin for cloud-free conditions. Deforested regions tend to be drier than forested regions, due to the smaller evapotranspiration over the area after the removal of forests. The impact of deforestation in the atmospheric water vapour content was studied over deforested (Ji Paraná -Abracos Hill) and forested (Jaru Reserve) AERONET stations. The selected sites are approximately 86 km apart. They are relatively close to each other and it is assumed they are subject to similar meteorological conditions. The mean difference in the water vapour amount retrieved by AERONET sunphotometers over the two stations from July to October 2002 was approximately 0.35 cm (Fig. 7) . The behaviour of the shortwave surface albedo change radiative effect at the TOA with column water vapour content and latitude was studied. The spectral surface albedo dependence for forested and deforested regions obtained according to Sect. 2.5.1 was used as surface models in the SB-DART radiative transfer code. The spectral range selected for the simulations was chosen to match CERES shortwave channel spectral range (0.3 to 5.0 µm). In the simulations, SBDART tropical atmospheric profile was used, and the total column water vapour amount was varied from 1.5 to 5.0 cm in 0.5 cm steps. Those were the typical column water vapour values observed for the studied region during the biomass burning season. Two different situations were considered for the study of the influence of water vapour in the LURF 24 h : (i) assuming that the water vapour amount is conserved after deforestation and (ii) considering that the deforested region is 0.35 cm (10 %) drier after deforestation. Figure 8 shows that the surface albedo change impact is higher for situations when the amount of radiation reaching the surface is larger, that is, closer to the Equator and for lower atmospheric water vapour contents, due to gaseous absorption of infrared radiation. The surface albedo radiative forcing due to deforestation is approximately 1.2 W m −2 more negative for sites located at latitude 0 • than for sites located at latitude 20 • S, given the same column water vapour content for both regions.
Taking into account the drying effect, the amount of radiation reaching the surface after deforestation will be even larger due to the smaller infrared radiation absorption by water vapour. This will lead to even more pronounced radiative effects at the top of the atmosphere. Figure 8 (dashed lines) indicates that this drying impact contributes to an increase in the radiative effect, which varies from 0.4 W m −2 to 1.2 W m −2 , depending on the column water vapour content before deforestation. Those results highlight the importance of considering water vapour and solar zenith angle variations when evaluating radiative effects.
Discussions
In this section we will discuss the main results presented in this work and compare them with other evaluations available in literature. The comparison between aerosol forcing efficiency results requires care, since there is not a uniform methodology in the scientific community on how to obtain this quantity. Li et al. (2000) , Christopher and Zhang (2002) and Procopio et al. (2004) have calculated the forcing efficiency at wavelengths of 640 nm, 670 nm and 500 nm, respectively. In order to understand the differences associated with the wavelength dependence of the forcing efficiency and to standardize it, the forcing efficiency at 550 nm was estimated, assuming a value of 1.647 for the Angström exponent, according to AERONET retrievals during the dry season. This normalization to 550 nm increases by 17 % the forcing efficiency value calculated at 500 nm, and decreases by 28 % the forcing efficiency calculated at 670 nm. This analysis illustrates the large spectral dependence of the forcing efficiency of biomass burning aerosols.
Several authors have derived only the instantaneous direct aerosol radiative forcing and/or its forcing efficiency over the Amazon Basin (e.g., Christopher et al., 2000; Christopher and Zhang, 2002; Li et al., 2000; Patadia et al., 2008) . These assessments were made using retrievals from different instruments onboard satellites (e.g., GOES-8, TRMM, Terra) or using in situ aerosol optical properties measurements in radiative transfer models and assuming a given solar geometry. The problem in considering a particular illumination geometry is that the aerosol radiative forcing and forcing efficiency strongly depend on solar zenith angle. Furthermore instantaneous assessments only help us understand the aerosol impact over a given area qualitatively. For those reasons we have chosen not to compare instantaneous radiative forcing and forcing efficiencies' results. The comparison between the 24-h average results reported in this work and in previous studies is shown in Table 6 . Table 6 shows that the mean daily aerosol radiative forcing results over the Amazon Basin are compatible with other authors' work. The assessment by Patadia et al. (2008) of the direct aerosol radiative forcing was made from 2000 to 2005, when the aerosol loading was higher than during the period considered in this work. In this work, the 24-h SWARF average from 2000 to 2005 was −6.4 ± 1.0 W m −2 . This value is consistent with Patadia et al. (2008) , who obtained −7.6 ± 1.9 W m −2 for the 24-h SWARF average for the same period.
The mean daily aerosol forcing efficiency values obtained for forest and cerrado regions are compatible with results reported by Ross et al. (1998) . The high uncertainty observed in their results is due to the observed variability in aerosol scattering and absorption coefficients.
As pointed out in Sect. 3.3, although the mean aerosol and surface albedo change radiative forcings magnitudes are similar during the biomass burning season (Table 6) , the impact of biomass burning aerosols is seasonal, while the impact of land use change may be observed throughout the year. This difference indicates that the yearly local impact of surface albedo change in the radiative balance is more than 6 times higher than direct impact of aerosols.
Summary and conclusions
This work focused on quantifying the impact of aerosol emissions and surface albedo change on the shortwave radiation balance over the Amazon Basin in cloud-free conditions. CERES and MODIS retrievals were used to assess the temporal and spatial distributions of the direct radiative forcing of biomass burning aerosols over the Amazon Basin and the surface albedo change radiative forcing over Rondônia, both caused by deforestation. AERONET and MODIS BRDF data were used to build aerosol and surface models, respectively. These models were used in the radiative transfer code SB-DART to convert instantaneous radiative forcing values into mean daily values. The average daily direct radiative forcing of aerosols at the TOA was −5.6 ± 1.7 W m −2 from 2000 to 2009 during the biomass burning season (August and September). The spatial distribution analysis of the direct radiative forcing shows large geographical variability with significant impacts of aerosols over central and southwestern Amazonia. Daily averaged TOA radiative forcing values as high as −20 W m −2 were observed for AOD higher than 1.0 at 550 nm. Therefore, locally, the mean daily direct radiative forcing due to biomass burning aerosols may be 10 times larger than the radiative forcing due to greenhouse gases.
We also observed that land surface properties strongly impact the direct radiative forcing of aerosols. The assessment of the direct radiative forcing over different surface types indicates that the impact of biomass burning aerosols in the energy budget is higher over forest than over cerrado, croplands or pasture regions. The mean daily direct radiative forcing was 35 % higher over forest than over cerrado during the studied period. Two factors contribute to this difference: (i) the typical transport of smoke from pasture and deforestation areas to large forest-covered areas, and (ii) the stronger aerosol forcing efficiency of biomass burning aerosols over darker regions. The mean daily forcing efficiencies of forest and cerrado (savannah-like) vegetation were −15.7 ± 2.4 W m −2 /τ 550 nm and −9.3 ± 1.7 W m −2 /τ 550 nm , respectively.
In addition to biomass burning aerosol emissions, deforestation also impacts the radiative balance by changing the surface albedo of the deforested area. This modification may alter convection processes, cloud formation and the precipitation regime over the area. A value of −7.3 ± 0.9 W m −2 was estimated for the mean annual albedo-change radiative forcing over Rondônia. The mean annual direct radiative forcing of biomass burning aerosols was estimated at −0.9 ± 0.3 W m −2 over cloud-free skies, considering that the biomass burning season lasts approximately two months. This indicates that the long-term impact of surface albedo in the radiative balance is almost one order of magnitude larger than the impact of biomass burning aerosols. Those results reveal the large impact of land use change from deforestation over Amazonia's energy budget.
Deforestation also contributes to the decrease of the water vapour amount over the deforested region. The impact of deforestation in the water vapour content was assessed using AERONET column water vapour measurements over deforested and forested areas nearby. The analysed deforested area was 0.35 cm drier than the forested area. This decrease in the atmospheric water vapour content further enhances the effect of deforestation in the radiative balance. This is the first work to report the combined impact of biomass burning aerosols, changes in the surface albedo and water vapour in the shortwave radiative budget over Amazonia, in cloud-free conditions. The much higher annual average of the surface albedo change radiative forcing as compared to the direct aerosol radiative forcing draws attention to the overpowering effect of land use change over biomass burning emissions. As aerosols also change the direct to diffuse radiation ratio, and trees are quite sensitive to the increase in diffuse radiation (Oliveira et al., 2007) , showing large increases in NEE (Net Ecosystem Exchange), this work is also relevant for Amazonia's carbon budget. Another important issue is the implication of our findings on the convection and cloud dynamics. Convection in Amazonia is critically important for the development of deep clouds that also have important impacts on the radiation balance and redistribution of energy in the atmosphere. The next steps would be to perform a joint analysis of the cloud-free radiative balance done in this work taking into account the key role that cloud cover changes have in the Amazonian radiative balance. Biomass burning aerosols suppress cloud formation and have an important impact on precipitation rates. It is also important to emphasize that our study is not particular to Amazonia -similar processes are also observed in Africa, Southeast Asia and other regions where large deforestation rates are observed close to primary forest areas.
